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DYNAMIC STRESS INTENSITY FACTORS FOR UNSYMMETRIC
DYNAMIC ISOCHROMATICS
by _
A. S. Kobayashi and M. Ramulu
University of Washington

Department of Mechanical Engineering
Seattle, Washington 98195

ABSTRACT

The mixed mode, near-field state of stresses surrounding a crack
propagating at constant velocity is used to derive a relation between the
dynamic stress intensity factors KI’ KII’ the remote stress component ox and
the dynamic isochromatics. This relation together with an overdeterministic
least-square method form the basis of a data reduction procedure for extract-
ing dynamic KI’ KII and Tox from the recorded dynamic photoelastic pattern
surrounding a running crack. The overdeterministic least-square method is
also used to fit static isochromatics to the numerically generated dynamic
isochromatics. The resultant static KI' KII’ and 9oy 2re compared with the
corresponding dynamic values and estimates of errors involved in using static
analysis to process dynamic isochromatic data are obtained. The data reduc-
tion procedure is then used to evaluate the branching stress intensity
factor associated with crack branching and the mixed moae stress intensity
factors associated with crack curving.

INTRODUCTION

In recent years, two dimensional dynamic photoelasticity has been used
to determine experimentally the dynamic stress intensity factor surrounding
a propagating crack and to establish a dynamic fracture toughness, KID‘ ver-

sus crack velocity, a, relation which is believed to control dynamic fracture.

An excellent article on this use of dynamic photoelasticity for studying
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dynamic fracture has been written recently by J. W. Dally [1]*. Since fracture
resistance, i.e. dynamic fracture toughness KID is équal to the driving force,
i.e. instantaneous dynamic stress intensity factor, during crack propagation
the dynamic stress intensity factu-, which is extracted from transient dynamic
isochromatics surrounding the propagating crack tip, is used to measure the
dynamic fracture toughness. A commonly used data reduction procedure for
this purpose is to fit a theoretical, near-field, static isochromatics to the
recorded experimental dynamic isochromatics and to then equate the resultant
static stress intensity factor of the former to the unknown dynamic stress
intensity factor of the latter [2-5]. Error estimates for using a static
near-field stress to extract the dynamic stress intensity factor have been
made by several investigators [6-8] and in particular, exhaustively by
Rossmanith and Irwin [8].

Studies of the static isochromatic patterns under mixed mode loading con-
ditions, i.e. in the presence of combined KI and KII crack tip deformation,
were made by Smith and Smith [9], Gdousto and Theocaris [10] and more recently
by Dally and Sanford [11,12]. These isochromatics are all characterized by
their unsymmetric patterns with respect to the crack line. While the simple
static isochromatics used to demonstrate the importance of mixed .;ode loading
conditions in the above references were mathematically contrived, Klein deter-
mined KI and KII from actual photoelastic patterns of a crack approaching a
hole [13]. Literature, however, is scant on other mixed mode photoelastic
investigations despite the well studied theoretical conditions under which
such unsymmetric isochromatics can exist.

On the other hand, dynamic isochromatics surrounding a running crack

often exhibits moderate unsymmetry but such photoelastic patterns were

*Humber in brackets refer to Reference at the end of this paper.
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heretofore considered experimental abnormalities and were ignored by averaging
the unsymmetric to symmetric patterns during the data reduction process. Care-
ful postmortem inspection of the fracture specimens, however, show that the
slightly unsymmetric isochromatics are often associated with slightly curved
crack propagation paths which undoubtedly are caused by the small dynamic KII’
coexisting with the dominating dynamic KI value. This effects is akin to the
small but noticeable influence of a small KII on fatigue crack prop;gation
reported fifteen years ago [14]. Grossly unsymmetric isochromatics associated
with large crack curving, crack branching and propagating multiple cracks, on
the other hand, are unmistakably caused by larger KII values. The exact rela-
tion between the amount of crack curving and the dynamic KI and KII associated
with the propagating crack tip would provide a dynamic crack propagation

law under mixed-mode crack tip deformation similar to the KID versus & rela-
tion under consideration for Mode I dynamic crack propagation [15]. Since

the relative magnitude of dynamic KII usually is small with respect to the
dynamic KI values for many crack propagation problems, these KII values must
be determined accurately if a meaningful dynamic mixed-mode crack propagation
law is to be deduced from these results. The purpose of this investigation

is to develop a data reduction procedure for extracting KI and K., from

II
recorded dynamic isochromatics surrounding a running crack tip. The developed
procedure is also used to estimate errors involved in using static mixed-mode
crack tip stress field in place of the corresponding dynamic field.

THEORY

The three stress components, o_., o.., and o_ in terms of the Modes I

xx* “yy Xy
and II dynamic stress intensity factors, KI and KII’ plus the remote stress

*
component, Tox? the maximum shear stress can be represented as [16,17,18]

*
Note that the sign conventions of ¢

[2,7,8,11,12] ox is negative of that used in References
2!!’) .
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r and 6 are the traditional polar-coordinates with origin at the moving crack
tip and c, C1 and c, are the crack velocity, dilatational and distortional
wave velocities, respect{ve]y.

For each given 6 the radial distance, r, can be explicitly solved from
equation (la) for a given crack velocity, ¢, mixed mode dynamic stress inten-
sity factors of KI and KII’ and remote stress component of Tox* Thus the
theoretical isochromatics n for a straight crack propagating under constant
velocity can be easily constructed. When equation (1) is used to extract K
and KII from recorded dynamic isochromatics, one can generate 9000 plus
isochromatic loops for various combinations of KI’ KII’ and Yox following
Etheridge et al. [19] and use a search routine to match the computer stored
isochromatics with the experimental isochromatics. In this paper, however, the
direct and overdeterministic procedure, which was developed by Bradley [3]
and updated with improved numerical techniques by Sanford et al. [12], of least
square fitting equation (1) to a large number of measured isochromatic data
point is used.

For the above overdeterministic method of least square fitting a theoreti-
cal isochromatics T, at coordinate locations (rk, ek), equation (1) can be
rewritten in a functional form, Fk, which represents the deviation between

the square of the calculated and measured jsochromatics
F =7 | M2 o= * Mo R R I I (2)
k OX/E ox q m

where k = 1,2,...., is the number of data points on the recorded
isochromatic.
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Obviously Fk = 0 when the theoretical and measured isochromatic coincides.
In general, such coincidence cannot be expected and thus KI' KII and %ox
must be optimized in order to minimize the total summation of Fk' For such

minimization, consider:

ofF oH oH oJ '
k ] k 1 k 1 k 1
== 2|2, o — + 2~ 0. — | + 20, =~ — (3a)
BKI 4[ k aKI i aK] ox ﬁ;] k aKI "
oF oH oH ad
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—— =z = [2H, = — + 2 o +2) e (3b)
Ky 4 l: k Ky ry aKII ox ;——rk ] k 9Kyq " '
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. k. 1 g . 2 172 |
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The subsequent steps of extracting the optimized KI’ KII' and %ox using

the least square method is a standard numerical procedure which is also iden-

tical to that of Reference [12] and thus will not be repeated. Basically,

v e

the procedure consists of a sequence of error reduction estimates AKI, AKII’

and L starting from an initially estimated KI’ KII’ and Tox* The numerical

X
procedure has considered to converge when the current AKI. AKII’ and Aoo are

X
Tess than 0.1% of the previously calculated KI’ KII and Oox
THEORETICAL ISOCHROMATICS

As one checks on the accuracy of equation (1), the dynamic isochromafics
should coincide with that of Reference [11] in the 1imiting case of crack
velocity c¢»0. Also informative would be a comparison between this static
isochromatics and the corresponding dynamic isochromatics for the identical

KI’ KII’ and %ox for a given crack velocity.

In order to provide such theoretical comparison, theoretical isochromatics

were generated using the same model fringe constant of fU/h = 1.73 MPa/fringe

(250 psi/fringe), K = .879 MPa /m (800 psi v/in) and K., of Reference [12].

II
Static isochromatics were approximated by setting ¢ = 0.0001 9 in equation
(1). A constant crack velocity of ¢ = 0.15 Cy was chosen to generate the
dynamic isochromatics. In addition = 2,400 m/sec (94,300 in/sec) and

c, = 1,160 w/sec (45,800 in/sec) were assumed in the dyﬁamic analysis. In

the following some representative static and dynamic isochromatics, which

were originally plotted on a CALCOM plotter and then inked for presentation,

are shown.

Mode I static and dynamic isochromatics have been studied by others

[6,8,20] and thus many of the sample calculations in these references were

1
i
!

reproduced as a partial check of the computer code developed for plotting
dynamic isochromatics. In particular, the dynamic isochromatics generated

in Reference [20] were all reproduced with the new algorithm and the two
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results agreed within 0.01 percent. For comparison purpose, some of the
results of pure Mode I, pure Mode Il and mixed-mode static isochromatics in
Reference [12] together with their dynamic counterpart are listed in the
following.

Figures 1, 2 and 3 show typical static and dynémic isochromatics of fringe
orders, 2.5 and 3.5 surrounding a crack tip. As amply discussed by others
[7, 8, 11], for negative values of %ox the isochromatics lean forward in the
direction of crack propagation while for positivg values of %ox the isochrom-
atics lean backward away from the direction of crack propagation. The static
isochromatics in Figure 1 coincides with that in Figure 4 of Reference [11].
Figures 2 and 3 show further backwards leaning isochromatics which are due to
the higher °ox/KI = 0.5 and 0.75. As shown in this figure, the differences
between the static and dynamic isochromatics are small for forward leaning
loops in Figure 1 but increase slightly with increase in backward leaning
angles in Figures 2 and 3.

Figure 4 shows the static and dynamic isochromatics of N = 2.5 and 3.5
for a pure Mode II crack tip deformation. The static results are in agree-
ment with that in Figure 5 of Reference [11]. Unlike the pure Mode I crack
tip deformation, little difference between the static and dynamic isochromatics
is observed. Experimentally, a crack has seldom been observed to propagate
in a straight line under pure Mode II crack tip deformation but will generally
curve*to achieve a maximum KI with attendant smaller KII' Thus a pure Mode II
dynamic isochromatic may be a mute academic study. Pure Mode Il isochromatics

of a Stationary crack were reported in Reference [21].

*

Since the near-field dynamic stress field used to generate the dynamic
isochromatics of equation (la) is for a straight crack, the extent of near-
field for a curved crack must be reduced accordingly for this straight crack
approximation to hold.
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Probably the most frequently encountered mixed-mode static and dynamic
isochromatics are generated by the presence of relatively small KII and Tox
coexisting with the KI mode of crack tip deformation. Figure 5 shows a typical
asymmetric isochromatic patterns where some differences between the static and
dynamics isochromatics are noted. Figure 6 shows significant change in iso-
chromatic patterns when the sign of the remote stress component Tox is changed.
Needless to say the static isochromatics coincide with those in Figures 8a and

8c, respectively in Reference [11].

Other static isochromatic patterns shown in Reference [11] together with

the corresponding dynamic isochromatics were also generated mainly to verify
the computer plotted isochromatics for ¢ = 0.0001 c, cases. Details of the
changes in the shapes of the static isochromatics are discussed thoroughly in
Reference [11] and thus will not be reproduced here. In essence the correspond-
ing dynamic isochromatics are found to be slightly larger and essentially follow
the general shape of the static isochromatics similar to results shown in
Figures 1 through 6.
ERROR ANALYSIS

As mentioned previously, the basic data reduction procedure developed
in this investigation consists of leasi-square-fitting the mixed mode,
uynamic near-field state of stress to a large number of data points of a
dynamic isochromatic field. For a known constant crack velocity then, this
overdeterministic numerical procedure provided the associated dynamic KI’
KII’ and o__. Internal consistency of this procedure was first verified by

oX

least-square fitting a dynamic isochromatic every o, = 18,36,....,360, to

4
the theoretical dynamic isochromatic generated for given KI’ KII’ and Tox
and then recovering these three dynamic parameters through the overdetermin-
istic method. The recovered KI’ KII and cbxwerewithin 0:.1% of their

original values for all five cases represented by Figures 1 through 6.
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The differences in static and dynamic isochromatics for the commonly
observed maximum crack velocity of about ¢ = 0.15 Cy» as shown in Figures 1
through 6, are relatively small. Nevertheless, a quantitative assessment of
the error involved in using static analysis to extract dynamic KI and KII is
necessary since static analysis has been used extensively for reducing the
dynamic photoelasticity data associated with a running crack.

Errors involved in using a three-parameter static near-field state of
stress to characterize a dynamic isochromatic field associated with a constant
velocity crack were estimated by least square fitting a sti.'c isochromatics
(i.e. ¢ = 0.0001 c]) to theoretical dynamic isochromatics wh.ch were generated
through the use of equation (1). The commonly used data reduction procedure
was simulated by least square fitting the static field at; 1) three points
t 6° along the two dynamic isochromatic lobes on both sides

*
of em X and ema

a X

of the crack and 2) along 10 points each straddling emax and between the
maximum width of the two isochromatic lobes on both sides of the arch. The
difference between the resultant static KI’ KII’ and Iox and the corresponding
dynamic values then constitute the theoretical errors involved in using the
static near-field isochromatics for data reduction.

Figure 7 shows the progressive increase in error with increased crack
velocity for pure Mode I crack tip deformation. Only the 20 point, i.e. 10
points each on each of the two symmetric isochromatic lobes, data fitting
procedure was used for obtaining these results as well as those in Figure 7.
Figure 7 shows that errors involved in the overdeterministic method of least-
square fitting the near-field static isochromatics of two parameters, KI and

%ox with KII = 0, does not differ substantially with Sox® with the exception

*For definition of Onax® S€€ References [2,3,5,7,8].
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of °ox/KI = + 0,75, in the crack velocity range of c/c] < 0.2 and this finding
is in agreement with that of Reference [7]. The lack of systematic changes in
errors, i.e. for °ox/KI = + (.75 is an indication that the optimization process
involved in the least-square method is functioning properly. Significant, how-
ever, is the systematic incresase in the error amounting to 13-24 percent of
the correct dynamic values at extremely high crack velocity of ¢ = 0.25 <y
For a crack velocity of c/c] = 0.15 the estimated errors shown in Figure 7
are within 2v4 percent of those of Rossmanith and Irwin [8] who conducted a
more extensive error analysis involved with Mode ] dynamic crack propagation.

In the unlikely event of a dynamic crack propagation under pure Mode II
crack tip deformation, a two parameter static stress field, KII and %ox with
KI = 0, can be fitted to this dynamic isochromatics. The errors involved in
the fitting process is shown in Figure 8. Unlike the pure Mode I crack tip
deformation, the errors involved in using the static near-field stress are
small as may have surmised from Figure 4.

Errors estimation in fitting a static near-field mixed mode isochromatic
to a mixed-mode dynamic isochromatic will obviously vary with the relative

magnitudes of KI’ KII and o In order to estimate such errors, the static

ox’
three parameter stress field was least-square fitted to an arbitrary mixed-

*
mode, dynamic isochromatic associated with K. = .879 MPa /m (800 psi /in)

I
and Ky = .219 MPa /m (200 psi /Tﬁ)* with varying o . Figures 9a and 9b show
the widely varying errors in the KI and KII determined by such optimization
procedure. Of particular concern is the unpredicted large errors in KI and
KII associated with higher crack velocities. While this large error could

in part be due to the distorted shape of isochromatics as shown in Figure 6,

*
These values were selected from Reference [11].
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field stress for extracting dynamic KI and KII when the isochromatics are
distorted.
EXAMPLES

The developed computer code for computing dynamic KI’ KII’ and Oy Was
then used to determine the dynamic KI and KII from the dynamic isochromatics
associated with a curving crack and a branching crack.

Figure 10 shows two frames out of a 16-frame dynamic photoelastic record

of a curving crack impacting a 12.7 mm (1/2-inch) diameter hole in a 9.53 mm

(3/8-inch) thick, 254 x 254 mm (10 x 10 inch) Homalite-100 plate loaded under

fixed gripped tension. The crack emanated from a small precrack at the top
edge of plate upon reaching a critica1 load and propagated slightly off the
centerline until it was pulled into the higher tension field surrounding the
hole. Further details of the experimental stepup,crack velocity measurements
and dynamic calibration of the Homalijte-100 material used are found in
Reference [22].

Figure 11 shows three frames out of a 16-frame dynamic photoelastic record

s amiae i

of a crack propagating and branchingin a3.18 mm (1/8-inch) thick, 254 x 254 mm

(10 x 10 inch) Homalite-100 plate loaded under fixed-gripped tension. Again
details of the experiment can be found in Reference [22].

Figure 12 shows the dynamic KI and KII variations obtained from the
four dynamic photoelastic patterns preceding crack curving and crack impacting
the hole as shown in Figure 10. Although not conclusive, the ratio of dynamic

KII/KI increases rapidly prior to crack curving, thus leading to a natural

speculation that a moderately mixed mode local dynamic state of stress

results in curving of a propagating crack.
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Figure 13 shows the dynamic KI and KII for three branches of the cracks
shown in Figure 11. While the continuous "right branch" crack shows moderate
changes in dynamic KI and KII’ the left branch shows a sharp drop in dynamic
KI after crack branching. By extrapolating thé dynamic KIS associated with
"1eft branches Nos. 1 and 2", an after-branching dynamic stress intensity
factor of 0.923 MPa v/m (840 psi v/in) is obtained. The branching stress inten-
sity factor, i.e. immediately prior to branching, is estimated to be
2.03 MPa /m (1850 psi /in). Although this singular data is higher than the
branching stress intensity factor of 1.38 MPa /m (1250 psi v/in) quoted in Refer-
ence [1], the ratio of 2.03/0.923 = 2.2 is consistent with the postulate crack
branching occurs to dissipate fracture energy along two propagating cracks.

It is also interesting to note that dynamic KII which is a relatively Tow
0.11 MPa v/m (100 psi v/in) prior to crack branching nearly doubles immediately
after crack.branching and is consistent with the static results of Reference
[23].

CONCLUSIONS

1. A data reduction scheme for evaluating the unsymmetric dynamic
isochromatic associated with dynamic mixed-mode crack propagation has been
developed.

2. Errors involved in using a mixed-mode static near-field stress to
evaluate dynamic KI and KII from a dynamic unsymmetric isochromatics could
be larger than that involved for pure Mode I or pure Mode II crack tip
deformation.

3. The utility of the developed data reduction procedure was demonstrated.
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FIGURE |. STATIC AND DYNAMIC ISOCHROMATICS NEAR A
STATIONARY (€C=0.0001C,) AND PROPAGATING
(C=0.15C,) CRACK TIP.

K;=800psisin, Kg=0, 0,, = - 0.25 K| psi
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FIGURE 2. STATIC AND DYNAMIC ISOCHROMATICS NEAR A
STATIONARY (C=0.000IC;) AND PROPAGATING
(C=0.15C)) CRACK TIP.

Ky=800psi./in , Kg=0, o, = 0.5K; psi.
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FIGURE 3. STATIC AND DYNAMIC ISOCHROMATICS NEAR A
STATIONARY (C=0.000IC,) AND PROPAGATING
(C=0.15C,) CRACK TIP.

Ky= 800 psi./in, Kg=0 , oy, = 0.75K psi.
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| FIGURE 4. STATIC AND DYNAMIC ISOCHROMATICS NEAR A
' STATIONARY (€C=0.,0001C,) AND PROPAGATING
; (C=0.15C,) CRACK TIP.

K;=0, Ky=800psi/in, gy,= -0.25Ky psi
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FIGURE 5. STATIC AND DYNAMIC ISOCHROMATICS NEAR A
STATIONARY (C=0.0001C,) AND PROPAGATING
(C=0.15C,) CRACK TIP.

Ky =800psi/in, Kg=0.25K;psi/in, 0o, = —0.25K; psi
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A STATIONARY (C=0.0001C,) AND PROPAGATING
(C=0.15C;) CRACK TIP.

Ky = 800psi/in, Kp=0.25 Ky psi/in, 0g, = -0.25 K psi
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(b) NINETH FRAME 195 u SECONDS

FIGURE I0.TYPICAL TYNAMIC PHOTOELAS VI PATTERNS IN
HOMALITE . 100 SINGLE EDRGEDNCYCH SPECIMEN
(FIXED SrIP LLOARING ) CRACK L ¥ r)ACHING A
CENTRA!. HOLE, NO.WQ20270,




(b) ELEVENTH FRAME 223 . SECONDS

FIGURE 11. TYPICAL CRACK BRANCHING DYNAMIC PHOTOEL ASTIC
PATTERNS IN HOMALITE 100 SINGLE EDGEDNOTCH
SPECIMEN (FIXED GRIP LOADING), NO. w082270.

}




135
140
145

E

E 150

O.,

T

O |55

2

(Y]

3.

S

-t 160

('

O o
165

170

I75

DYNAMIC STRESS INTENSITY FACTOR (psi4/in)

T 1 ] 1 |
- CRACK PATH

’

1 1. A 1 | 1

-200 0 200 400 600 800. 1000
1!

J

5.4

-15.6
—5.8

6.0
=

-16.2

—46.6

0.2 0 0.2 0.4 06 .08 1.0
DYNAMIC STRESS INTENSITY FACTOR (MPa-m?2)

i.2

CRACK LENGTH, a (inches)

FIGURE 12. DYNAMIC STRESS INTENSITY FACTOR OF CURVED CRACK
(FIGURE 10).




CRACK LENGTH, a (inches)

- RIGHT BRANCH

o :
) _é_uzrr BRANCH NO.2 - 500
[_LEFT BRANCH NO. |

X
T
r—5—

DYNAMIC STRESS INTENSITY FACTOR (ps

O
T

4 5 5 !
| ! !
—&— RIGHT BRANCH 5500

_\&; » 5L —@— LEFT BRANCH E
§ —42000 ‘=
~ 2.0

@

o

-

g 1ISO0
> 1.5

=

7]

5 1000
".‘_; 1.0}

0

]

w

o

-

n

o

=2

<

Z

>

ra)

'
o
(3

| ] 1 1 1 1 ] 1
0 120 130 140 150 160 170 180 190

CRACK LENGTH, a (mm)

FIGURE |3. DYNAMIC STRESS INTENSITY FACTOR OF A BRANCED
‘ CRACK (FIGURE 11.).

-4




urt | - Covermasar
Admiaipsvecive apd Lislecn Activities

Office of Neval Research

Birector

Office of Reval Reseesch
Beanch Office

466 Summer Streac

Bestow, Maseschuserts Q23190

Director

Office of Esval Research
Braach Office

$36 South Clark Streek

Chicago, Illinois 60605

Dirsctor

Office of Naval Rasearch
New York Acwa Office

715 Broadway ~ Sch Floor
Hew Tork, Bew Tork 10003

Director

Oflice of Ravsl Bssesrch
Branch Office

1030 Baat Sresn Straset

Pasadens, Califoruis 91106

Rgval Research Laboratory (6)
Code 2627
Vashtugctow, D.C. 20378

Defense Documastation Center (12)
Caanron Sctatiom
Alexandris, Virgiats 22314

Agvy

Undersea Exploeion Ressasrch Division

Ngval Ship Reseaarch and Developsent
Center

Sorfolk Maval Shipyard

Portemouch, Virginia 23709

Arta: Dy. E. Palmer, Code 177

Ay (Cou’t.)

Weterviiat Arsenal

MASCS Research Camtar
Waterviiet, Sew York 12189
Agtn: Director of Resesrch

U.5. Asmy Materials and Machaanice
Basesrch Ceatsr

Wetsrtowa, Nassachusetts 02172

Atta: Dr. R. Shea, DAXMR-T

7.5. Ammy Miestile Ravearch and
Davelopuant Ceater
4 fie

Ceatar
Catef, Documant Section
Radetone Arsesai, Alabmma 33809

Arfmy Rassarch sad Developweat
Center
Poce Balvoir, Virginia 22060

Sstional Asrcoautics aad Space
Aduiniatration

Structures Research division

Laogley Resesrch Ceater

Langley Statiom

Sampton, Virgiaia 23363

Baticsal Aercuautice and Spece
Aduisiotration

for od

Keseazch and Techaology
vashisgtow, 0.C. 20544

Alx Togse

Wright~Patterson Alr Force Base
Daytom, Ohio 45433
Acts: AFYDL (FB)

(73R}

ARL  (NEM)

&74: 037161 1ab
T0uAT4-619

Bavy (Com’c.)

Baval Resssrch Laborstory
Uashivgton, D.C. 20373
Artm: Code 3400

David ¥. Taylor Saval Ship Ressarch
and Develogpmasnt Cester
Annapolis, Marylaad 21402
atta: Cods 2740
1%
281

Naval Veapous Cemter
China Lake, California 93555
Atta:  Code 4062

4520

Commandiog Officer
Naval Civil Eagioes:
Code L31

Port Busneme, Califormis 93041

ring lLeboracory

Esval Seurface Ssapoas Cemter
White Oak
Silver Spriag, Marylssd 20910
Attn: Code 2~10

G-402

x~82

Tachaical Dirsctor
Baval Ocean Systams Cemter
$San Disgo, Califoraia 92152

Suparvisor of Shipbuildiag
0.5. Navy
Rewport Eewe, Virgiaia 23607

Savy Underwater Souad
Referesce Division

Haval Research Laboratory

P.0. Box 8337

Orlando, Flortida 32806

474:0P:716:28d
T8ud 74619

ALr Porce (Com’t.)

Chief Applied Mechanics Grouwp

U.S. air Force Instituts of Techmology
Weight-Patterson Alr Force Rame
Daytoa, Ohio 45433

chief, Civil Eagineering 3cvanch
WLRC, Resserch Division

alr Torce Weapons Laboracory
Kirtlsad Alr Force Base
Albuquerque, Bew Nexico 87117

Alr Porce Office of Scienrific Rassarch
Wollisg ALy Pocce Base

Weshisgtom, D.C. 20332

Atta: Mechenics Divisica

Department of the Air Porce
My Coiversity Library
Mazwell Alr Force Base
Moutgomary, Alabams 36112

Otber Activiti

Commaodant

Chief, Testing sud Developmant Division
0.S. Coast Guard

1300 € Streec, W.

Weshiogton, D.C. 20226

Techpical Director
Marine Corpe Development

pirsctor Dafsuse Rassarch
and Bagtaeeriog

Technical Library

Room 3C128

The Pentagon

Washiogton, D.C. 20301

s (Cea’t.)

Chiaf of Beval Operstiocms
Sopurtaent of the Bevy
Weshington, D.C. 20350 -
Atta: Cods OF-098

Strategic Systams Project Office 17
Dapartmeat of the 172
Washingtom, D.C. 20376 173 -
Azta: WEP-200 174
1
Hevel Alr Systeams Cammend 1844
Bapartasat of the Nery 0i2.2
Hashingtos, D.C. 20341 1900
Attas Code 5302 (Astespace and Strectures) 1901
(Tochmical Library) 1943
3208 (Strectures) 21960
1962

Saval Atr Devalogmest Ceater

Sarniaster, Peamsylvasis 19974

Atta: Asrospace Mechsaics
Cods 606

U.5. Naval Acadeny

Enginsering Departmest

Ammapolis, Marylaad 21402

Sevul Factlities tagimearing Copmand

200 Stovall Street
Alszandria, Virgtats 22332

Atta: Cods 03 (Ressarch sad Developwent)
043

OAS
14114 (TYechatcal Libracy)

Baval Sex Systems Command
Departasat of the Navy
Vashisgton, B.C. 20362
Arts: Code 058

312

322

323

o5k

zm

Other Government Activities (Com’t)

Dr. ¥. Gaws

Ravirowmental Research Division
feshington, D.C- 20550

Library of Congress
Scieace end Techuology Divisioa
Seshingtom, D.C. 203540

Drector

Defense Wuclear Agency
Beshiegtom, D.C. 20309
Atto: 3rss

¥r. Jerome Persh

Staff Specialist for Materisls
and Structures

O0SDRAR, The Pentagon

Roem 1089

Rashingcow, 0.C. 20301

Chief, Alrfreme and Equipment Braach
5-120
Office of flight Stendards

Fadezel iviation Agewcy
Vashington, D.C. 20853

' .

egton, D.C. 20418
Attas M. A R Lytle

Ragineering Mechanics Section
Divieton of Enginesring
Vashingtom, D.C. 20330

Plestiony Arsemsl

Plastice Techntcal fvaluetion Center
Attm: Techuical Informatiom Sectian
Dover, Rew Jersey 07801

Veritime Adaimistretion

Office of Maritims Techwology
léth and Constftutiow Aveows, WM.
Pashingtou, D.C. 20230

PART 2

: ATaEP: 716 ab
ThuiTa~618

g (Cen'e.

Cammsoder sad Director

David ¥. Tavior Heval Ship
Gasearch ané Developmest Canter

Setheads, Maryland 20084

Arta: Coas D42

Neval Lode.watsr Syscams satar
Bewport, Rhode !sland 02540
Atto: Dr. R. Tratsor

Naval Sorfacs Usspoms Ceutar
Dubhlgren laboratory
Dahlgren, Virginia 22446
Attn: Code CO4

G20

Tectnicat Director
Mars Island Naval Shipyard
Vsllejo, Californta 94592

U.5. Meval Fostgraduate >chool
WeSrary

Code 0384

Montarey, Califoruia 93340

Uebb Ipsritvie of Naval Architscturs
Attn: librarian

Cresceut Besch Road, Glea Cove

long Island, ¥ew York L1542

Ay

Commaniing (ffi:ce: ‘7.

D.S. Army Resasrch Offi:a

P.0. Box 12211

Rpsearch Triangle Park, BC 27709
Atto: Mr. . J. Murray, CRD-AA-IP

~T4:HP;Ti6 lad
TBukTh-ult

- \oniractors aad Other Techot st
Zolliaborators

Universities

Dr. J. Tiosley Gien

TUatversicy of Ceras at Austic
345 Bnglacering Science Building
dustin, Taxas 78712

Professor Jjulivs Miklowita
Calffornia Institute of Tecuzolog,
Division of Enginesriog

and Applied Scisuces
Pasadens, Califormis 51109

Dr. Harold Liebowits, Desn

Scbool of Enginesring and
Applied Science

George Yashingion Uoiversity

Washington, D.C. 20052

Protessor Bli Steratery

Californts Institote of TecLasiogy

Otvieton of Engilomsring and
Applied S:iences

Pasadeaa, Celiforals 91109

Profeasor Paul M. lLaghd1

Duiversity of Califoruta

Depertment o. Mechenical nginearing
Berkeley, Califorois 94720

Professor 4. J. Durelly
Oaklend Univervity
Scheol of Gmgiseering
Rochestsr, Missouri 48063

Professor P. L. DiMeggio
Columbis Lsniveraicy

Departmant of Civii Eng.ueering
New York, Bev York 10027

Professo: jorman Jouas

Tha University of iiverpool
Departeent of Nechapical Toginsering
P. 0. Box 147

Srownlow U111

Liverpool 169 3BX

Bogland

Proteseor §. J. Skudrzvk
Pennsylventia State Oniversity
Applied Resear:h Laboratcry
Department of Physics

Scate Coliega, Pannayivantia 1680]




Univeraiiies (Con’t.)

Trofeasct J. Klosmar

Polytechutc Inatitute of Mew York

Dapartasat of cal qnd
Asrospace Engioeering

333 lay Screat

Brooklyn, Mew York 11201

Profesaot R. A. $e!

Texas ABM University

Departmsat of Civil Eogloeering
Collegs Station, Tezas 77843

Professor Walter . Pilkay
Untverstty of Wrginta
Research Lebocacories for the
Eagtoearing Sciences and
Applied Scieaces
Charloctesville, Virgiots 22901

Professor K. D. Wllmert
Clarkson College of Techoology

A24:0P: 7161 ab
T8ub74-619

agvessicies (Con’c)

Professor G. C. M. Sth

Labigh Daiversicy

Inatitute of Practure and
Solid Mechamica

Sathlebem, Pecmsylvenia 18015

Professor Albart S. Kobayashi
Uaiversicy of Washington

Department of Mechanical Cog/naering
Seattle, Washipgton 9810%

Professor Dantel Frederick

firginia Polytechnsc Institute end
State University

Department of Enginsering Mechanica

Blacksburg, Virginis 24061

Professar A. C. Eringen

Princeton Totversity

Departmeat of Asrospace snd
Mechanical Scileuces

Department of Mechanlcal Bagt
Potsdam, New York 13§76

Dr. Walter E. Haisler

Tazse AM University

Aarospacs Enginssring Department
College Station, Tamaa 77843

Dr. Buesein A. Kamel
Dutversity of Arizona
Department of Aerospace and
Machanical Zngineering
Tucsan, Artzona 85721

Dr. S. J. Penves
Carmegte-Mallon University
Department of Civil Faginesring
Schenley Park

Pittsburgh, Pemmsylvanis 15213

Dr. Rooald L. Buston

Departmant of Ingioeering Analysis
University of Ctaoctinnaet
Cincianaci, Ohio 45221

Caiversities (Con’t)

Dr. Samuel B. Bacdorf
Juiversity of Californis
School of Engineering

and Applied Science
Los Asgeles, Califarnie 90024

Profeseor [saac Pried
Boston Daiversity
Dapartment of Mathemacics
BSoston, Massachusetts 02213

Professor L. Krempl

Reusaeleer Polytechaic lastitute
Diviaion of fagiseering
tugineering Macheaice

Troy, New York 12181

Of. Jack R. Viason

University of Delswers

Department of Mechenical and Asroepace
Engineering asd the Center for
Composite Macerials

Newark, Delswars 19711

Dr. 1. Dufty

Irown Uatverstey

Diviston of Kogineering
Providemce, Rhoda Teland 02912

Dr: J. L. Swedlow

Carsegie-Mallon Mutveraity
Depertment of Mechamical Saginsering
Pittedurgh, Pennsylvania 15213

Or. V. K. Varsden

Ohio State O y

Department of Zaginsering Mechsnice
Columbus, Ohic 43210

Dr. 2, Msehin

University of Pevneylvenia

Departmsnt of Metallurgy aed
Matarials sclence

College of Raginesrtug ead
Applied Sciemce

Philatelphia, Pesasylvania 19104

2 » New Jaraey 08540

frotessor L. H. Lag

Stanford Uutversity

biviston of Inginearing Mechauics
Stanford, Califoruis 94303

Frofessor Aldert I. King
Vayne State Univeraty
Slomechanics Resestch Comter
Detroit, Michigsn 43202

De. V. K. Bodgson
Wsyna State Univeraicy
School of Madicine
Detroit, Michigen 48202

Dean B. A. Boley

Morthwescern Universsty
Department of Civil sogineering
Evanston, Illignols $0201

474:8P:716:1ab
78u474=019

Universities (Con’t)
Dr. Jacksou C. §. Yang

University of Maryland

Departmsnt of Mechanical Eagineering
College Park, Maryland 20742

Professor T. Y. Chagg

Univ ty of Akron

Deparaent of Civil Eagiasering
Akron, Ohio 44325

Professor Charles W. Bert

ty of Oklshoma

School of Aerospace, Machanical,
and Wuclesr Eagineering

Norwan, Oklahome 73019

Professor Satys N. Aclurt

Georgia Insetitucs of Technology

School of Tagineering and
Machanics

Actlanta, Georgie 30332

Peofessor Graham F. Carey
Universicy of Texas at Augtio
Department of Asrospace Engineering

and Englaeering Mechanics
Austin, Taxas 78712

Or. 5. S, Wang

Universicy of Illtnois

Department of Theorecical sad
Applied Mechaaics

Urbana, Illizois 61801

Indystry nd Ensearch lastitutes

Dr. Normen Robbs
Xaman AviDyne
Division of Raman
Scisnces Corporation
Buritagton, Maasachusetts 01803

Argonne Ngtional Laboracory
Lidrary Services Dapartment
8700 South Cass Avenue
Argomne, [f{linois 60440

Eaiversigies (Cos”t)

Professor P. G. Wodge, Jr.
University of Mismasets
o of

TN g lan
- Thusa ey

Zaiversiciee (Cos’t)

Trotessor B. ¥W. Liu

sad Machasice
ivneapolis, Mianescts 35438

Dre D. C. Drucker
Omiversity of Illisots
Desn of Bogioeering
Urbeas, Illimots 61601

Trofesscr N. M. Newnerk
OGatversity of Illiscis
De: of Civil

Cty
Utbans, Illisois 61803

Professor [. Retesnar
Uagversity of Califormis, Sas Diego
Department of Applied Mechanics

La Jolls, Californis 92037

Professor William A. Nash
ty of
Department of Machasice aad
Aerospace Knginsering
Amherse, Massachusetts 01002

Professor G. Herrmasn
Stanford Dniversity

P of Applisd
Stenford, Califorsis 94308

Professor J. D. Achenbach
Sorthwaet Juivaraity
Department of Civil Zagineering
Bvaaston, Illtnois 60201

Professor S. 3. Dong
Univereity of California
Deparcmant of Nechanics

los Angeles, Califoruia 90024

Professor Burt Paul

Untversity of Pennsylvania

Towne Scheol of Civil and
Wechanical Roginesring

Philadelphia, Pennsylvenia 19104

Industry and Resesrch Institutes (Con't)

Dr. M. C. Junger

Cambridge Acoustical Associates
54 Rindge Avenue Extension
Cambridge, Massachusstts 02140

Dr. V. Godino

Geoerel Dynamics Corporation
Sleceric Boat Division
Groton, Connecticut 06340

Or. J. £. Gresnspon

4. G. Enginesring Research Aseuciates
3831 Mealo Drive

Baltimore, Maryland 21213

Rewport News Shipbuilding ane
Dry Dock Company

Library

Nevporr News, Virginia 23607

Dr. W. F. Bogich

McDonnell Douglas Corporation
5301 Bolsa Aveaue

Huntingeon Beach, California 92647

Dr. H. N. Abramson
Southvest Resesrch Institute
8500 Culebra Rosd

San Antonio, Texas 78284

Pr. R. C. DeMfart

Southwest Research Instituce
8300 Culedra Road

San Antonio, Texas 78284

Dr. M. L. Baron
Weidlinger Associates
110 East 59¢h Street
Nev York, Mew York 10022

Dr. T. L. Geers

Luckheed Missiles and Space Company
3231 Hanover Strest

Palo Alto, California 94304

Mr. Willism Caywood
Applisd Physyca Laboratory
Johne Hopkins Roag

Leurel, Maryland 20810

Syvacuse, Bew Tork 13210

frofessor §. Soduar
Techaton Rbb Foundatiocn .
Reife, lersal

Professor Uarnsr Coldmesth
Usiversity of Califorais

Department of Nechsmical Ragioearing
Barkeley, Caltfornts 94720

Professor R. 5. Rivliia
Lehigh University
Center for the Applicacios
of Mathemacics
Bathlebes, Peussylvania 18015

Professor 7. 4. Cossarsily

State Unfversity of Mew York at
lffalo

Division of Iaterdisciplinary Stwdies

Karr Parher Rugineering Building

Chemistry loed

Buffalo, Wew Tork 1421s

Professcr Joseph L. Rose

Drezel Untiversity

Departsent of Mechanical Iaginserisg
and Mechsnics

Thiladelphis, Pewmsylvanta 19104

Protessor . K. Dousldson
Universicy of Msrylsod
Asvospace Raginesring Depertment
College Park, Werylssd 20742

Professor Joseph A. Clark
Catholic Daiversity of amserica
aof Wa \

Washington, D.C. 20064

474:NP:716 lab
T8uk 74-619

Industzry and Research Institutes (Con't)
Dr. Robert E. Dunham

Pacifice Technology

P.O. Box 148

Del Mar, Californis 92014

Dr. M. ¥. Kamninen

Battelle Columbus Laboratories
305 King Avenue

Columbua, Ohio #3201

Dr. A. A. Wochrein
Daadalean Associates, Iinc
Springlake Resaarch Road
15110 Frederick Rosd
Woodbine, Maryland 21797

Dr. James W. Jones

Swanson Service Corporation

P.0. Box 5415

Huntington Beach, California 92646

Or. Robart E. Nickell

Appiied Science and Techaology
3344 Movth Torrey Pines Court
Suire 220

La Jolls, California 92037

Dr. Kevin Thomas
Westinghouse Electric Corp.
Advanced Reactors Division
P 0. Jox 150

Madison, Pennsylvania 15663




Unclassified

——
ucu"" CLASSIFICATYTION OF TS PAGE (When Date Futered)

REPORT DOCUMENTATION PAGE

RLEAD INSTRUC TIONS
BEFORE. COMPLETING FORM

TR 3

- REPON MBER 7. GOVY ACCESSION NO| 3. RECIPIENT'S CATALOU NUMBER

ynamic Stress Intens1ty Factors for
Unsymmetric Dynamic Isochromatics,

- e ke 2 ———— 14
N{“OM” o D
\ A e e

T

VL“ZKObéﬁ@SM- M/Ramulu [ @X rydgdm -76- CMM/ /

5. YYPE OF REPORT & PERIOD COVERED

7 ) Technical ep’i‘t»'j‘
N

G ORG. REP NUMBERN

TR=37

OR GRANT NUMBER(s)

3. PERFORMING ORGANIZATION NAME AND ADDRESS

Dept. of Mechanical Engineering FU-10
University of Washington

Seattle, WA 98195

10. PROGRAM ELEMENT, PROJECT, TASK
REA & WORK UNIT NUMBE‘

NR 064-478 )
5L/

11. CONTROLLING OFFICE NAME ANO AOORESS

’,w""\\‘ ..-.}
/ 1’
Office of Naval Research { Zj//d .ﬂan LY
Arlington, Virginia 22217 N 28
T4, MONITORING AGENCY NAME & AODDRESS(I! difletent trom Controlling Ollice) 18. SECURITY CL ASS. (of this repont)
Unclassified

15a. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Unlimited ’

iy 0N STATEMENT RO
Appe: 0 { pu:.:l.c 1elsase;,
Distibution Unlimited !

17. DISTRIBUTION STATEMENT (of the abeteact entered In Block 20, i1 difterent from Report)

18. SUPPLEMENTARY NQTES

Dynamic stress intensity factors, dynamic frac

o« e

19. XEY WORDS (Canclnuo on reverse eide If neceasary and ideniily by block number) .
ture mechanics,
dynamic finite element analysis, dynamic photoelasticity

¥ o, 7 .

§ 50 a Lt 2K
- i

@rncr (Continue on reverse aide il necessary uu}‘l-;;nllly by Mork aumber)

at constant velocity is used to derive a relat

dynamic isochromatics. This relation together

The mixed mode, near-field state of stresses surrounding a crack propagating
stress intensity factors\K}, K;?, the remote stress component 359 and .the

least-square method form the basis of a data reduction procedure for —==
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extracting dynamic \from the recorded dynamic photoeiastic
pattern surrounding a running crack. The overdeterministic least-square
method is also used to fit static isochromatics to the numerica]]y'generated
dynamic isochromatics. The resultant static(gi, Kll’ and ooy &re compared
with the corresponding dynamic values and estimates of errors involved in
using static analysis to process dynamic jsochromatic data are obtained. The
data reduction procedure is then used to evaluate the branching stress

intensity factor associated with crack branching and the mixed mode stress
intensity factors associated with crack curving.
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